The antiviral protein kinase PKR inhibits protein synthesis by phosphorylating the translation initiation factor eIF2␣ on Ser51. Binding of double-stranded RNA to the regulatory domains of PKR promotes dimerization, autophosphorylation, and the functional activation of the kinase. Herein, we identify mutations that activate PKR in the absence of its regulatory domains and map the mutations to a recently identified dimerization surface on the kinase catalytic domain. Mutations of other residues on this surface block PKR autophosphorylation and eIF2␣ phosphorylation, while mutating Thr446, an autophosphorylation site within the catalytic-domain activation segment, impairs eIF2␣ phosphorylation and viral pseudosubstrate binding. Mutational analysis of catalytic-domain residues preferentially conserved in the eIF2␣ kinase family identifies helix ␣G as critical for the specific recognition of eIF2␣. We propose an ordered mechanism of PKR activation in which catalytic-domain dimerization triggers Thr446 autophosphorylation and specific eIF2␣ substrate recognition.
Introduction
The protein kinases PKR, HRI, PERK, and GCN2, which constitute a functional family called the eIF2α protein kinases, share a conserved kinase domain (KD); however, unique regulatory domains enable PKR to respond to viral infection, HRI to heme deficiency, PERK to endoplasmic reticulum stress, and GCN2 to amino acid limitation (Dever, 2002) . All four kinases specifically phosphorylate Ser51 on the α subunit of the translation initiation factor eIF2, a GTP binding protein that delivers the initiator methionyl-tRNA to the small ribosomal sub-*Correspondence: tdever@nih.gov unit in the first step of translation initiation. Phosphorylation of eIF2α converts eIF2 from a substrate to an inhibitor of its GDP-GTP exchange factor eIF2B, thereby blocking protein synthesis (Hinnebusch, 2000) .
PKR is a component in the cellular antiviral defense mechanism. Expression of PKR is transcriptionally induced by interferon, and the kinase is activated upon binding to double-stranded RNA (dsRNA) A large number of autophosphorylation sites have been reported on PKR; however, the most compelling evidence for functional relevance has been reported for the KD activation-segment residue Thr446. Autophosphorylation on this site has been demonstrated using mass spectrometry analysis of PKR expressed in yeast and by using phospho-Thr446-specific antibodies to detect native PKR in mammalian cells treated with dsRNA (Romano et al., 1998; Zhang et al., 2001). Highlevel expression of human PKR, but not catalytically dead PKR-K296R, is lethal in yeast due to severe inhibition of translation initiation, and this toxicity is suppressed in cells expressing nonphosphorylatable eIF2α-S51A in which the Ser51 phosphorylation site is substituted by Ala (Chong et al., 1992; Dever et al., 1993) . Similarly, substitution of Ala for Thr446 in PKR significantly weakens PKR toxicity in yeast and impairs autophosphorylation and eIF2α phosphorylation by immunopurified PKR (Romano et al., 1998).
PKR has been implicated in cellular growth control and a number of cell signaling pathways; however, it is unclear whether these PKR activities are mediated through phosphorylation of eIF2α or additional substrates. The vaccinia virus K3L protein is a pseudosubstrate inhibitor of PKR. K3L and eIF2α share a β barrel fold originally identified in the ribosomal protein S1 ( . This model suggests that PKR elements remote from the active site will play critical roles in eIF2α recognition. However, residues in PKR that mediate eIF2α-specific substrate recognition have not been identified.
To gain additional insights into the mechanism of PKR activation and substrate recognition, and to test predictions based on our recently determined structure of PKR bound to eIF2α (Dar et al., 2005) , we conducted a mutational and biochemical analysis of PKR. Our results define an ordered pathway of PKR activation in which KD dimerization is required for activation-segment autophosphorylation, which in turn is essential for specific eIF2α substrate recognition. Our results also reveal a link between Thr446 activation-segment phosphorylation and both dimerization and the ability to recognize eIF2α and K3L. 1A, row 4: GST-PKR 258-551 ). To gain further insights into the role of dimerization for PKR activation, we randomly mutated the PKR-KD and screened for mutants that were toxic in yeast in the absence of an extrinsic dimerization domain. As detailed in the Experimental Procedures, three mutants were isolated: PKR 258-551 -L315F, PKR 258-551 -Y404H, and PKR 258-551 -K429R ( Figure 1A , rows 5-7).
Results

Isolation of Mutations in PKR that
The toxic phenotypes observed when expressing these PKR mutants in yeast could be due to enhanced eIF2α phosphorylation or to promiscuous phosphorylation impairing the function of other cellular proteins critical for growth. Western analyses revealed enhanced Ser51 phosphorylation in the strains expressing fulllength PKR or the PKR 258-551 mutants ( Figure 1B, top  panel, lanes 2, 4, and 5 ). In addition, whereas PKR 258-551 inefficiently phosphorylated eIF2α and the nonspecific substrate histone H2A in vitro, the Y404H and K429R mutations significantly enhanced kinase activity ( Figure  1C, third panel) . Importantly, the toxic phenotypes associated with expression of these PKR mutants as well as GST-PKR and wild-type (wt) full-length PKR were suppressed in a yeast strain expressing nonphosphorylatable eIF2α-S51A ( Figure 1A , rows 5-7), indicating that promiscuous phosphorylation of other proteins did not significantly contribute to the impaired growth of the strains expressing the PKR mutants. Taken together, these results demonstrate that the Y404H and K429R mutations bypass the requirement for an extrinsic dimerization domain and enhance the eIF2α kinase activity of the PKR-KD.
In the crystal structures of PKR bound to eIF2α, it is noteworthy that a large conserved surface of the protein-kinase N-terminal lobe is buried in an intermolecular dimer interface. Strikingly, all three PKR mutations isolated to activate PKR 258-551 map directly to this dimer interface ( Figure 1D ). Based on this location, we hypothesized that the PKR mutations enhance dimerization of the isolated PKR-KD and thereby bypass the requirement for an extrinsic dimerization domain or dispose with the need for dimerization altogether. To investigate this issue further, we used gel filtration chromatography and analytical ultracentrifugation to analyze PKR-KD dimerization. Whereas wt PKR-KD behaved as a dimer in these assays, catalytically dead KD-K296R was clearly monomeric ( Figure 1E ). Interestingly, the PKR-KD-K296R,Y404H double mutant was in a monomer-dimer equilibrium in these assays, with an average molecular weight w1.5 times the size of a PKR-KD monomer ( Figure 1E ). In addition, whereas the K296R mutation abolished the interaction of the PKR-KD with itself in yeast two-hybrid assays, the Y404H and K429R mutations enhanced the PKR-KD yeast two-hybrid interaction (see below). Thus, we conclude that the PKR-activating mutations promote catalyticdomain dimerization and bypass the normal requirement for dimerization mediated by the PKR dsRBDs. To test the importance of the predicted salt bridge between residues Arg262 and Asp266, these residues were mutated individually and together to Asp and Arg, respectively. Single mutations of both R262D and D266R, which are predicted to disrupt the salt bridge, suppressed PKR toxicity and lowered eIF2α phosphorylation in yeast ( Having identified the Y404H and K429R mutations as activating PKR lacking an extrinsic dimerization domain ( Figure 1A) , we asked if these mutations could bypass the requirement for the salt bridge between Arg262 and Asp266 in PKR. Whereas the Y404H and K429R mutations did not hyperactivate full-length PKR (which is already very active and toxic, Figure S4A ), introduction of these dimer bypass mutations into PKR-D266R restored PKR toxicity ( Figure 3A , rows 4-6 and Figure S4B ), PKR autophosphorylation, and eIF2α phosphorylation in yeast ( Figure 3B, lanes 4-6) . Together with the results on the Trp327 and H bond-triad mutagenesis, the ability of the Y404H and K429R dimer-interface mutations to compensate for the lost salt-bridge interaction between Arg262 and Asp266 provides strong evidence that a proper PKR dimer configuration is required for kinase autophosphorylation and efficient substrate phosphorylation.
Mutations in the PKR
As described earlier, the PKR-KD (residues 238-551) readily interacts with itself in yeast two-hybrid assays ( Figure 3C ), consistent with our analytical ultracentrifugation studies ( Figure 1E ). The R262D, D266R, and Y323A single mutations as well as the D289A,Y293A double mutation blocked the PKR-KD two-hybrid interaction ( Figure 3C ). In contrast, engineering the complementing R262D and D266R mutations into the twohybrid activation-domain and binding-domain fusions, respectively, restored the two-hybrid interaction. These data provide direct support for the idea that the salt bridge and H bond-triad interactions are critical for PKR-KD dimerization and the promotion of activationsegment autophosphorylation.
PKR Autophosphorylation on the ActivationSegment Residue Thr446 Enhances Specific eIF2␣ Recognition
Previously it was reported that mutation of the Thr446 autophosphorylation site significantly impaired PKR Figure  4A ). Consistent with this lack of growth phenotype, practically no eIF2α Ser51 phosphorylation was detected in strains expressing PKR-T446A ( Figure 4B) , and, in in vitro kinase assays, PKR-T446A was defective for incorporation of phosphate into either itself or eIF2α ( Figure 4C, lanes 3-5) .
In addition, kinetic analyses revealed that wt PKR was over 40-fold more active at phosphorylating the nonspecific substrate histone H2A than PKR-T446A was ( Figure 4D ), though the K M for the reaction was nearly identical for the two kinases ( Figure 4D ). These results, combined with the fact that the T446A mutation impaired eIF2α phosphorylation to a greater extent than it impaired histone phosphorylation, indicate that PKR autophosphorylation on Thr446 is important for PKR catalytic efficiency and specific (eIF2α) substrate recognition but not for recognition of nonspecific substrates.
To gain further insight into the importance of PKR autophosphorylation for specific substrate recognition, we used surface plasmon resonance (SPR) to examine the binding of wt and mutant forms of PKR to the vac- Figure 4E, upper panels) . However, the binding reactions displayed different kinetics (sigmoidal versus nonsigmoidal), with GST-PKR-KD binding well to K3L even at low kinase concentrations where the isolated PKR-KD bound poorly ( Figure  4F ). However, binding of isolated PKR-KD to K3L was recovered at higher kinase concentrations ( Figure 4F) . Interestingly, global fitting of the association and dissociation phases of the GST-PKR-KD and PKR-KD binding kinetics agrees best with a bivalent analyte model, suggesting that both GST-PKR-KD and PKR-KD bind K3L as preformed dimers ( Figure S6B ). This result is consistent with our analytical ultracentrifugation studies, which show that isolated wt PKR-KD is a dimer ( Figure  1E ). Under the conditions of the SPR experiments, PKR-KD-T446A and PKR-KD-K296R in both the presence and absence of the GST dimerization domain failed to show detectable binding to the K3L protein ( Figure 4E and Figure S6A ). All four forms of the latter proteins are free of phosphate on Thr446 either by virtue of the fact that the kinase is catalytically dead or the fact that the site is removed. Interestingly, the analytical ultracentrifugation studies in Figure 1E , as well as the two-hybrid experiments in Figure 3C , revealed that the K296R mutation that abolished PKR autophosphorylation likewise blocked KD dimerization. These results, combined with the results of the dimer-interface mutations (Figure 2) and SPR experiments, indicate that PKR dimerization and activation-segment phosphorylation on Thr446 together strongly influence the specific recognition of eIF2α substrate and K3L pseudosubstrate.
Conserved Residues on Helix ␣G are Important Determinants for Specific Substrate Recognition by the eIF2␣ Kinases
Comparison of amino acid sequence alignments of a sampling of eIF2α and unrelated protein-kinase domains identified 17 residues that were preferentially Figure 1A. (B) PKR-T446A mutation impairs eIF2α phosphorylation in yeast. WCEs were prepared from transformants described in (A), and then 1 g, 5 g, and 10 g were subjected to immunoblot analysis using antibodies to detect phospho-Ser51 in eIF2α (top panel) and total eIF2α (bottom panel). conserved among the family of eIF2α protein kinases ( Figure S1 and Dar et al., 2005) . We reasoned that these conserved residues play roles in eIF2α kinase-specific functions such as kinase-domain dimerization and eIF2α recognition. To identify the PKR residues that mediate specific eIF2α recognition, we mutated each of the preferentially conserved residues and screened for loss of PKR toxicity in yeast. In addition to the dimer-interface residues and the Thr446 autophosphorylation site, mutations at residues Thr487 and Phe495 eliminated PKR toxicity in yeast ( Figure 5A and Figures  S2 and S3) . Interestingly, both Thr487 and Phe495 reside on helix αG of the KD ( Figure 6A ). As revealed in the PKR•eIF2α crystal structure, helix αG adopts a novel conformation in PKR relative to all other proteinkinase structures determined to date (see Figure 4A Figures 6C and 6D) . Thus, mutation of residue Thr487 does not impair general PKR kinase activity but rather specifically impairs phosphorylation of intact eIF2α. Based on these findings, we conclude that Thr487 is a key determinant of eIF2α-specific substrate recognition.
Like the Thr487 mutations, substitution of Arg, Ile, or Pro for Phe495 eliminated eIF2α phosphorylation and PKR toxicity in yeast ( Figures 5A and 5B ) but did not affect PKR expression or autophosphorylation on Thr446 ( Figure 5B ). Consistent with these in vivo results, PKR-F495P failed to phosphorylate eIF2α in vitro ( Figure 5C ) but retained eIF2α peptide and at least some histone phosphorylation activity ( Figure 6B ). Taken together, we conclude that residues Thr487 and Phe495 in helix αG play critical roles in the specific recognition of eIF2α by PKR.
The GCN2 kinase is required for induction of GCN4 Figure 5D, rows 3-5) . Importantly, the mutations did not impair GCN2 expression in yeast ( Figure  5E , top panel) but blocked the ability of immunoprecipitated GCN2 to phosphorylate eIF2α in vitro ( Figure 5F ). In these in vitro kinase assays, it is noteworthy that the mutations (other than the kinase-dead gcn2-K628R mutation) did not impair GCN2 autophosphorylation ( Figure 5F ). Thus, mutation of the corresponding Thr in helix αG of both PKR and GCN2 severely impaired eIF2α phosphorylation. , 1996) , it is reasonable to assume that disruption of the salt bridge or H bond triad does not impair the ability of full length PKR to dimerize. Thus, bringing two KDs in close proximity is not sufficient to promote catalytic activation of PKR. Rather, we propose that the loss of kinase function resulting from these mutations reveals the critical importance of the precise N lobe-to-N lobe dimer contact revealed in the PKR crystal structure. This notion is in accordance with previous genetic analyses revealing dominant-negative impacts of PKR-KD internal deletion mutants (Romano et al., 1995) . Of note, a mutation (Figure 1B) , indicating that only a specific dimeric orientation of the catalytic domain is competent for transferring phosphate onto Thr446 (Figure 7) . As shown here, the T446A mutation severely impaired the nonspecific phosphorylation of histones and nearly eliminated eIF2α phosphorylation. In addition, both the selective mutation of Thr446 to Ala and the K296R mutation that blocks all PKR autophosphorylation eliminated any detectable binding of GST-PKR-KD and the isolated PKR-KD to K3L ( Figure 4E) . Interestingly, the K296R mutation also impaired PKR-KD dimerization, indicating that catalytic-domain dimerization promotes activation-segment autophosphorylation, which in turn stabilizes dimerization.
Discussion
In mammalian cells, PKR is thought to exist in a latent
We conclude that PKR activation-segment phosphorylation on Thr446 is critical for general activation of PKR catalytic efficiency, for stabilization of the PKR-KD dimer, and for eIF2α/K3L-specific substrate/pseudosubstrate recognition. A possible explanation for this complex interplay between dimerization, Thr446 activation-loop phosphorylation, catalytic activation, and specific eIF2α substrate recognition is provided by the crystal structure of the PKR•eIF2α complex (see Figure  7B . Consistent with these structural observations, our analysis of the PKR-KD identified mutations at conserved residues Thr487 and Phe495 in helix αG that specifically impaired eIF2α, but not histone, phosphorylation. These results are consistent with the notion that histones only engage the phosphoacceptor binding site in PKR in the immediate vicinity of the active site, whereas eIF2α recognition involves bipartite interactions with both helix αG and the phosphoacceptor binding site. Thr487 is at the center of the eIF2α-specific binding site, which would account for the potent loss of eIF2α phosphorylation resulting from its mutation. In contrast, Phe495 does not contact eIF2α directly but instead lies at the interface between helix αG and the bulk of the kinase domain. Interestingly, helix αG adopts a novel position in PKR relative to other protein kinases, and this appears to contribute to eIF2α binding specificity (see Figure 4A in Dar et al., 2005) . We posit that the PKR-F495P mutation may disrupt the integrity of helix αG or the position of helix αG relative to the kinase and hence would disrupt eIF2α binding indirectly.
Finally, mutations in helix αG of GCN2, like the PKR Thr487 mutations, specifically impaired eIF2α phosphorylation ( Figures 5E and 5F ). By extension, we propose that eIF2α recognition by PERK and HRI is likely also dependent on critical contacts with helix αG and the precise orientation of helix αG. The PKR-T487D mutant that is specifically defective for eIF2α phosphorylation but retains general kinase activity may be a useful tool to examine the role of PKR in cellular signaling pathways and identify alternate substrates. Comparing the phenotypes of pkr −/− and PKR-T487D knockin cells may help reveal roles for PKR that are independent of eIF2α phosphorylation. As all four eIF2α kinases dimer-ize and autophosphorylate on a conserved Thr in the kinase activation segment, we propose that the PKR activation mechanism delineated in this manuscript linking kinase-domain dimerization and autophosphorylation with specific substrate recognition is likely conserved among all members of the eIF2α kinase family.
Experimental Procedures
Yeast Strains
Yeast strains H1894 (MATa ura3-52 leu2-3 leu2-112 trp1-63 gcn2D 
Immunoblot Analysis of Protein Expression and Phosphorylation in Yeast
Transformants of strain H17 expressing PKR under control of the GAL-CYC1 hybrid promoter were grown in SC-Ura (synthetic minimal medium with all amino acids, 2% glucose) medium overnight to saturation, diluted in fresh medium to OD 600 w 0.1, and grown to OD 600 w 0.6. Cells were harvested and transferred to SGal-Ura (SC-Ura except 10% galactose) medium for 2 hr to induce PKR expression. Transformants of H1894 expressing wt or mutant forms of GCN2 were grown in SC-Ura-His medium overnight to saturation, diluted in fresh medium to OD 600 w 0.1, and grown to OD 600 w 0.6. Then, 3-AT was added to 30 mM, and cells were harvested after 1 hr. Whole-cell extracts (WCEs) (4-5 g) were resolved by SDS-PAGE and subjected to immunoblot analysis using antibodies specific for phospho-Ser51 on eIF2α (BioSource International or Cell Signaling), antibodies specific for phospho-Thr446 on PKR (Cell Signaling), polyclonal anti-yeast eIF2α antiserum, or monoclonal antibodies against an N-terminal epitope in human PKR (lot 71/ 10, RiboGene). To detect GCN2 expression, WCEs (25 g) were resolved by SDS-PAGE and subjected to immunoblot analysis using polyclonal antiserum against the N terminus of GCN2 (Romano et al., 1998).
PKR and GCN2 In Vitro Kinase Assays
GST-eIF2α and His 6 -eIF2α 1-200 were expressed in E. coli strain BL21(DE3) and purified using glutathione Sepharose 4B and Nisilica resin, respectively, using the manufacturers' protocols. Flagand His 6 -tagged PKR derivatives were purified from yeast as described previously (Krishnamoorthy et al., 2001 ). Flag-and His 6 -tagged GCN2 derivatives were partially purified by immunoprecipitation using anti-Flag M2 agarose as described previously ( 
